Background: PLCG1 plays an important role in calcium signaling. Results: PLCG1 up-regulates 20E-induced calcium signaling and regulates USP1 PKC phosphorylation in the lepidopteran insect Helicoverpa armigera. Conclusion: 20E activates PLCG1 to induce calcium influx to regulate USP1 PKC phosphorylation for gene expression. Significance: Our study establishes a link between the nongenomic pathway and genomic pathway in steroid hormone 20E signaling.
In addition to the classical nuclear receptor pathway, there is a nongenomic pathway in the cell membrane that regulates gene expression in animal steroid hormone signaling; however, this mechanism is unclear. Here, we report that the insect steroid hormone 20-hydroxyecdysone (20E) regulates calcium influx via phospholipase C␥1 (PLCG1) to modulate the protein kinase C phosphorylation of the transcription factor ultraspiracle (USP1) in the lepidopteran insect Helicoverpa armigera. The PLCG1 mRNA levels are increased during the molting and metamorphic stages. The depletion of PLCG1 by RNA interference can block 20E-enhanced pupation, cause larvae death and pupation defects, and repress 20E-induced gene expression. 20E may induce the tyrosine phosphorylation of PLCG1 at the cytosolic tyrosine kinase (Src) homology 2 domains and then determine the migration of PLCG1 toward the plasma membrane. The G-protein-coupled receptor (GPCR) inhibitor suramin, Src family kinase inhibitor PP2, and the depletions of ecdysoneresponsible GPCR (ErGPCR) and G␣ q restrain the 20E-induced tyrosine phosphorylation of PLCG1. PLCG1 participates in the 20E-induced Ca 2؉ influx. The inhibition of GPCR, PLC, inositol 1,4,5-trisphosphate receptor, and calcium channels represses the 20E-induced Ca 2؉ influx. Through calcium signaling, PLCG1 mediates the transcriptional activation driven by the ecdysone-response element. Through PLCG1 and calcium signaling, 20E regulates PKC phosphorylation of USP1 at Ser-21 to determine its ecdysone-response element binding activity. These results suggest that 20E activates PLCG1 via the ErGPCR and Src family kinases to regulate Ca 2؉ influx and PKC phosphorylation of USP1 to subsequently modulate gene transcription for metamorphosis.
Phosphoinositide metabolism is a vital intracellular signaling system participating in a variety of cellular functions, including the transduction of hormones and neurotransmitters, growth factor-mediated signaling, cell morphology, and cell division (1) . Phospholipase C (PLC) 2 is a key enzyme in this system that hydrolyzes phosphatidylinositol 4,5-bisphosphate to generate inositol 1,4,5-triphosphate (IP 3 ) and diacylglycerol (DAG) in response to the cellular setting of ligand-mediated signal transduction by hormones, neurotransmitters, growth factors, and other molecules (2) . The binding of IP 3 to its receptor in the endoplasmic reticulum membrane drives the release of calcium ions from intracellular stores, and DAG and Ca 2ϩ bind to the protein kinase C (PKC) conserved region domains (C1 and C2) to activate PKC (3) . Because of the presence of the cytosolic tyrosine kinase (Src) homology (SH) domain, PLC␥ (PLCG) is distinct from other PLC isozymes and is activated by receptor tyrosine kinases (RTKs) (4) . Studies have shown that GPCRs can activate PLCG1 through RTK or Src (5, 6) , suggesting the participation of PLCG1 in GPCR-and Src-regulated signaling.
Previous studies have indicated that the mammalian steroid hormone estrogen triggers gene expression via the nuclear receptor genomic pathway and GPCR-regulated nongenomic pathway (7) . In insects, steroid hormone 20-hydroxyecdysone (20E) is also known to transmit a signal via the nuclear receptor genomic pathway and the GPCR-regulated nongenomic pathway. In the nuclear receptor genomic pathway, 20E binds to the ecdysone receptor (EcR) and forms a heterodimeric transcription complex with ultraspiracle (USP) to bind to the ecdysoneresponse element (EcRE) for gene transcription. Drosophila USP can also directly bind to EcRE (8) . The 20E-induced genes, including hormone receptor 3 (HR3), and the metamorphosis initiation factor Broad (Br) subsequently mediate insect molting and metamorphosis (9, 10) .
In the GPCR-regulated nongenomic pathway, 20E directly binds to a GPCR (dopamine/ecdysteroid receptor, DopEcR) to regulate development and signaling in the mature adult nervous system in Drosophila melanogaster (11) . The programmed cell death in the silkworm anterior silk glands is triggered by 20E-induced GPCR-PLC-IP 3 -Ca 2ϩ -PKC signaling (12, 13) . In Helicoverpa armigera, through GPCR-PLC-Ca 2ϩ signaling, 20E induces the rapid phosphorylation of cyclin-dependent kinase 10 (CDK10) to promote gene transcription (14) . On the H. armigera plasma membrane, an ecdysone-responsible GPCR (ErGPCR) regulates the nongenomic pathway in 20E signaling, but it does not bind to the ecdysone analog [ 3 H]ponasterone A (15) . 20E induces USP phosphorylation in Chironomus tentans and Tenebrio molitor (16, 17) . In D. melanogaster, the PKC-mediated phosphorylation of USP at Ser-35 is essential for 20E-induced transcriptional activation (18) . However, the connection between the upstream cell membrane signaling and the downstream nuclear receptor signaling has not been demonstrated.
In this study, we found that 20E increases the PLCG1 expression levels during the molting and metamorphic stages in H. armigera, which is one of the most serious insect pests in cotton, vegetables, corn, and other crops (19) . PLCG1 is essential for larva development and pupation. Through ErGPCR, G␣ q , and Src family kinases, 20E rapidly induces the tyrosine phosphorylation at the SH2 domains in PLCG1 and the migration of PLCG1 toward the plasma membrane. PLCG1 participates in the 20E-induced Ca 2ϩ influx depending on its tyrosine phosphorylation status. Through PLCG1 and Ca 2ϩ signaling, 20E activates EcRE transcriptional activity by regulating USP1 PKC phosphorylation at Ser-21, which determines its binding activity to EcRE. These results suggest that ErGPCR transducts the 20E signal to Src family kinases to activate PLCG1 and that this activation then triggers calcium signaling to induce PKC-mediated USP1 phosphorylation for transcriptional activation.
EXPERIMENTAL PROCEDURES
Chemicals-Chemicals were purchased commercially as follows: restriction enzymes and ExTaq polymerase (Fermentas International Inc., Thermo Fisher Scientific Inc., Waltham, MA); TRIzol reagent kit and genomic DNA extraction kit (BioTek, Beijing, China); mouse monoclonal antibodies against RFP and His tag (CWbio, Beijing, China); anti-phosphotyrosine mouse monoclonal antibody (Tyr(P)-102) (Cell Signaling Technology Inc., Beverly, MA); first strand cDNA synthesis kit (Sangon, Shanghai, China); 20E (Sigma); inhibitors (suramin sodium salt, U73122, pyrazole compound, flunarizine dihydrochloride, chelerythrine chloride, and xestospongin C) (Sigma); Src inhibitor PP2 and RTK inhibitor SU6668 (Selleckchem, Houston, TX); phorbol 12-myristate 13-acetate (PMA) and ionomycin (Beyotime, Shanghai, China). All other reagents used were of analytical grade.
Animals-H. armigera larvae were raised on an artificial diet at 28°C with 60 -70% relative humidity and were maintained under 10-h dark/14-h light cycles in an insectarium (20) . The molting stage from larvae to larvae is distinguished by the head capsule slippage, and the metamorphically commitment stage from the final instar to pupae is discriminated by the wandering behavior and stopping feeding.
Cloning of the cDNA and Sequence Analysis-Full-length cDNA sequence was obtained by transcriptome sequencing H. armigera epidermis cells. BLASTX (www.ncbi.nlm.nih.gov) analysis showed the gene is homologous to PLCG1 from other animals. The open reading frame was identified using the Expert Protein Analysis System (ExPASy). The domain predictions were undertaken with SMART (Simple Modular Architecture Research Toll). Sequence alignments and phylogenetic trees were performed with the GENEDOC computer program and MEGA 3.1 software.
Cell Culture-The epidermal cell line HaEpi of H. armigera (21) was used in all of the related experiments. HaEpi cells were cultured as a loosely attached monolayer and were maintained at 26°C in 25-cm 2 tissue culture flasks with 4 ml of antibioticfree Grace's medium supplemented with 10% heat-inactivated fetal bovine serum. The cell density was estimated by counting the cells in a suspension aliquot using a hemocytometer under a microscope. All of the experiments were initiated by seeding the flasks with 5 ϫ 10 5 cells and cultured under the abovementioned normal growth conditions for 96 h.
Western Blot-Protein concentration was determined using the Bradford method (22) . Equal amounts of protein (50 g) were subjected to 12.5% SDS-PAGE and then electrotransferred onto nitrocellulose membranes. The resulting membranes were incubated for 1 h in a blocking buffer (10 mM Trisbuffered saline solution) containing 3% fat-free milk powder at room temperature and then with the primary anti-RFP polyclonal antibody (1:1000 dilution in the blocking buffer) at 4°C overnight. Goat anti-rabbit IgG conjugated with alkaline phosphatase diluted 1:10,000 in the blocking buffer was adopted as a secondary antibody. The signal of immunoblotting was visualized by 10 ml of Tris-buffered saline, 45 l of p-nitro blue tetrazolium chloride, 5%, and 35 l of 5-bromo-4-chloro-3-indolyl phosphate, 5%, in the dark for 10 min.
Quantitative Real Time PCR (qRT-PCR)-The total RNA was extracted from the treated cells or staged insects using the TRIzol reagent according to the manufacturer's instructions (CWbio, Beijing, China). Four micrograms of RNA were reversely transcribed into cDNA after the determination of the RNA quality through electrophoresis on an agarose gel (1%). qRT-PCR was performed using SsoFast TM EvaGreen Supermix (Bio-Rad) according to the manufacturer's instructions and a real time thermal cycler (Bio-Rad). ␤-Actin was amplified for internal standardization. Primers for H. armigera PLCG1, EcRB1 (GenBank TM accession number EU526831), USP1 (EU526832), HR3 (AF337637), BrZ2 (not released), ErGPCR (JQ809653), G␣ q (AAX56092.1), DopEcR (not released), and ␤-actin (EU527017) were used in the qRT-PCR assay ( Table 1 ). The data from three independent experiments were statistically analyzed by Student's t test. The relative expression data were statistically analyzed using the 2 Ϫ⌬⌬CT method (23) .
Hormone Treatment of HaEpi Cells and Larvae-HaEpi cells were maintained under the normal growth conditions described in a previous study until 90% confluence was obtained (21) . The cells were cultured for 1, 3, 6, 12, and 24 h after 1 M 20E was added to the cells. The control cells received an equal volume of dimethyl sulfoxide (DMSO), which was used as a solvent for 20E. To investigate the hormonal regulation of PLCG1 expression in the larval midgut, the sixth instar 6-h larvae were injected with 20E (500 ng/larva). The untreated controls were injected with an equal volume of DMSO. After hormone induction, the total RNA was extracted, and qRT-PCR was then performed.
RNA Interference (RNAi) in HaEpi Cells-The MEGAscript TM RNAi kit (Ambion, Austin, TX) was used to generate dsRNAs corresponding to H. armigera PLCG1 (dsPLCG1), dsDopEcR, dsErGPCR, dsG␣ q , and dsCDK10, according to the manufacturer's instructions. The dsRNA of GFP (dsGFP) was synthesized and used as a nonspecific RNA interference control. The primers for the production of dsRNAs are listed in Table 1 . The concentration of dsRNA was determined by spectrophotometry at 260 nm. HaEpi cells were seeded in 6-well plates at a density of 5 ϫ 10 5 per well. A lipophilic transfection reagent, Lipofectamine 2000 (Invitrogen), was employed for dsRNA transfection according to the manufacturer's instructions. The final concentration of dsRNA was 2 g/ml in the medium. After incubation at 26°C for 6 h after dsRNA transfection, the cells were rinsed and then cultured for 24 -48 h with Grace's medium (Invitrogen) containing 10% fetal bovine serum (Medgenics, St. Louis, MO). Then 1 M 20E was added to the cells, and the cells were incubated for 12 h. The RNA or total protein was extracted from the cells for qRT-PCR or Western blot analysis.
RNAi in Larvae via Injection of dsRNA-The depletion of PLCG1 in the insects was performed through the injection of PLCG1 dsRNA (dsPLCG1). First, 1 g of dsPLCG1 was injected into a fifth instar larva, and 2 g of dsPLCG1 was injected into a sixth instar larva. Ninety larvae were injected for the RNAi of PLCG1. The control larvae received an equal amount of dsGFP. To determine the function of PLCG1 in the 20E-induced metamorphosis, 500 ng of 20E was smeared on the food administered to H. armigera (1 ϫ 1 ϫ 0.3 cm) to feed the PLCG1-depleted insects. An equivalent amount of DMSO was used as a control.
Overexpression of Genes in HaEpi Cells-GFP or RFP was cloned into the pIEx-4 plasmid (EMD Millipore, Billerica, MA). After the efficiency of pIEx-GFP or -RFP was examined by observing the expressed fluorescence protein, the full-length PLCG1 was then subcloned into the construct to produce PLCG1-GFP. The wild-type PLCG1 or USP1 was also cloned into pIEx-4 to generate His-tagged PLCG1-His or USP1-His, respectively. For the deletion mutant (PLCG1⌬SH2-His), the two SH2 domains were deleted and then inserted into pIEx-4. For the point mutation (USP1S21A), an alanine replaced the serine at position 21. HaEpi cells were seeded in 6-well plates at a density of 1 ϫ 10 6 per well. Five micrograms of DNA per well were used for the transfection, as delineated in the manufacturer's instructions (Cellfectin Reagent, Invitrogen). After incubation at 26°C for 24 to 48 h post-transfection, the cells were treated for the subsequent experiments. For immunocytochemistry, 4Ј,6-diamidino-2-phenylindole (1 g/ml in phosphate-buffered saline (PBS), 140.0 mM NaCl, 2.7 mM KCl, 10.0 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ) was used to stain the nuclei. The fluorescence was observed using an Olympus BX51 fluorescence microscope (Shinjuku-ku, Tokyo, Japan) or a Zeiss LSM 700 laser confocal microscope (Zeiss, Thornwood, NY).
Analysis of the Phosphorylation of PLCG1-The HaEpi cells overexpressing PLCG1 due to the transfection of pIEx-PLCG1-His (PLCG1-His) were induced with 1 M 20E for 15 min. Subsequently, the cellular proteins were extracted and purified using the His-Bind resin in a tube with phosphatase inhibitors (Roche Diagnostics) according to the manufacturer's instructions. The anti-His tag antibody was used to determine the purified PLCG1-His through Western blot assay. The antiphosphotyrosine mouse monoclonal antibody (Tyr(P)-102) was used to recognize the tyrosine-phosphorylated PLCG1. For the identification of the phosphorylated sites, the two SH2 domains were deleted from the wide-type PLCG1, and the mutant PLCG1 (PLCG1⌬SH2-His) was overexpressed.
Detection of Calcium Flux in HaEpi Cells-HaEpi cells were seeded and cultured for 48 h in a 6-well tissue culture plate according to the above-described protocol. Then 3 M AM ester Calcium Crimson TM dye (Invitrogen) was added to the cells, and the cells were incubated in Grace's medium for 30 min at 27°C. The cells were washed with Dulbecco's phosphate- 
Ttaattcctttgaccatgact buffered saline (DPBS, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , and 8 mM Na 2 HPO 4 ) without calcium ions and exposed to 1 M 20E in DPBS for 2 min for the detection of the intracellular calcium flux. Subsequently, 1 mM CaCl 2 was used to detect the extracellular calcium influx. The fluorescence was detected at 555 nm every 6 s for a period of 360 s using a Zeiss LSM 700 laser confocal microscope. The data were analyzed using the Image Pro-Plus software. For the PLCG1 RNAi and overexpression experiments, the above-described method was used to transfect the cells with the dsRNA against PLCG1 or the pIEx-PLCG1-GFP plasmids in advance. For the inhibition experiments, the cells were pretreated with different inhibitors for 30 min prior to stimulation with 20E. Detection of 20E-induced Transcriptional Activation-The total genomic DNA was extracted from the cells using a DNA isolation kit (MagExtractor Genome, Toyobo, Osaka, Japan). Using the GenomeWalker method (24), a 1084-bp DNA fragment was cloned from the 5Ј upstream region of H. armigera HR3. This fragment contains a conserved ecdysone-response element (EcRE, 5Ј-ggggtcaatgaactg-3Ј), which has been identified in Manduca sexta, that is an EcRB1-USP1 complex specifically binding element (EcRE1, 5Ј-ggggtcaatgaaccg-3Ј) (25) . For the 20E-induced transcriptional activation experiments, this DNA fragment was cloned into the pIEx-4 plasmid upstream of RFP to form pIEx-HR3pro-RFP after replacing the original hr5 enhancer and IE promoter (14) . Twenty four hours after the transfection of HaEpi cells with pIEx-HR3pro-RFP, 1 M 20E was added to cell culture medium, and the cells were incubated for 18 h. The RFP expression was then assessed by Western blot to determine the 20E-stimulated transcriptional activation. An equivalent DMSO induction was used as a negative control.
USP1 Phosphorylation Levels Detection-USP1-His or USP1S21A was overexpressed in HaEpi cells using pIEx-USP1-His or pIEx-USP1S21A-His plasmid transfection and then purified by His-Bind resin (50 l) after a 1-h treatment of 1 M 20E. Equal volumes of DMSO were used for the negative control. The number of moles of phosphorus per mol of USP1-His or USP1S21A-His was determined using the phosphoprotein phosphate estimation assay kit (Pierce) based on the alkaline hydrolysis of phosphate from seryl and threonyl residues in phosphoproteins and then quantifying the released phosphate in a 96-well microplate using Malachite Green and ammonium molybdate. Lyophilized phosvitin was used as the phosphorylated protein standard. Detailed procedures were described in the manufacturer's instructions.
USP1-His Overexpression and Electrophoretic Mobility Shift Assay (EMSA)-USP1-His was overexpressed in HaEpi cells through their transfection with the pIEx-USP1-His plasmid.
After 1 h of stimulation with DMSO or 20E (1 M), the cell proteins were extracted. USP1-His was then purified using the His-Bind resin in a tube according to the manufacturer's instructions. The same protocol was used for the expression and purification of USP1S21A-His. Probes labeled with digoxigenin or not labeled (sense, 5Ј-ggtcccggggtcaatgaactgctgtga-3Ј; antisense, 5Ј-tcacagcagttcattgaccccgggacc-3Ј), which were used in EMSA and contain EcRE, were synthesized by Sangon Co. (Shanghai, China). In brief, 100 fmol of digoxigenin-labeled (Dig-labeled) probe were incubated with 5 g (5 l) of purified proteins in binding buffer (Beyotime Institute of Biotechnology, Shanghai, China). For the competition experiments, in addition to the Dig-labeled probe, a 50-fold excess of unlabeled probe was preincubated with the proteins. The reaction mixture was run on a 6% polyacrylamide gel at 100 V and then transferred onto a nylon membrane (Immobilon-Nyϩ, Millipore, Milford, MA). The nonspecific binding was then blocked by incubation with 1% (w/v) blocking reagent (Roche Diagnostics) for 30 min. The membrane was then incubated with anti-Dig-phosphatase antibody (1:5000) for 1 h, and the signal was visualized using 5-bromo-4-chloro-3-indolyl phosphate and p-nitro blue tetrazolium chloride.
RESULTS

PLCG1 mRNA Is Highly Transcribed during the Molting and
Metamorphic Stages-The PLCG1 expression sequence tag was obtained through random sequencing of the transcriptome of the H. armigera epidermal cell line (HaEpi) (Figs. 1 and 2). To verify the tissue specificity of PLCG1 expression during larval development, the expression profile of PLCG1 was detected from the fifth instar larvae to pupae. The quantitative real time PCR (qRT-PCR) results showed that PLCG1 was expressed in integument, midgut, fat body, and hemocytes. In all of the tissues, a low transcript level of PLCG1 was detected at the fifth instar feeding stage (5-24 h), the sixth instar feeding stages from 6 -0 to 6 -48 h, and 2 days after pupation. However, the transcript level of PLCG1 reached a maximum at the fifth instar molting stage (5-36 h) and the sixth instar metamorphic stage (6 -72 to 6 -120 h) ( Fig. 3) . The data suggest that PLCG1 may play roles in molting and metamorphosis.
Knockdown of PLCG1 Leads to Larvae Death and Pupation Defects-To investigate the function of PLCG1 in metamorphosis, PLCG1 was knocked down in larvae through their injection with dsRNA against PLCG1. The dsPLCG1 injection caused death before pupation or pupation defects in normal and 20E-treated larvae (Fig. 4, A and B) . Approximately 65-69% of the larvae died or formed abnormal pupae after PLCG1 knockdown. However, only 3-5% death or abnormal pupation was observed in the larvae injected with dsGFP (GFP, green fluorescent protein) ( Fig. 4C ). In the surviving pupae, dsPLCG1 injection delayed pupation for 3 days compared with the dsGFP-injected larvae. The injection of dsGFP followed by 20E induction promoted pupation 2 days earlier compared with that obtained with the larvae that were only injected with dsGFP. In contrast, dsPLCG1 followed by 20E injection delayed pupation for 6 days compared with dsGFP followed by 20E injection control (Fig. 4D ). These data suggest that PLCG1 functions in 20E-regulated pupation.
To determine the mechanism through which PLCG1 regulates larval pupation, the 20E-induced gene transcriptional profile was examined in larvae and in an H. armigera epidermal cell line (HaEpi) after PLCG1 knockdown. The overall transcript levels of various genes, including EcRB1, USP1, HR3, and BrZ2, were decreased when PLCG1 was depleted by RNAi ( Fig. 4 , E and F). Therefore, PLCG1 may control metamorphosis by regulating 20E-induced gene expression. 20E Up-regulates the Transcript Level and Subcellular Location of PLCG1-The transcript level of PLCG1 was detected in the 20E-treated midgut of larvae to investigate the regulation of PLCG1 expression by 20E. The qRT-PCR data showed that the transcript level of 20E-induced HR3 was apparently up-regulated from 3 to 24 h after induction with 20E, which suggests that the midgut responds successfully to 20E (Fig. 5A ). In addition, the PLCG1 mRNA reached a maximum from 6 to 12 h after 20E induction ( Fig. 5B ), confirming that PLCG1 expression is up-regulated by 20E. These data are correlated to the high expression levels of PLCG1 during molting and metamorphosis because the 20E level is higher during these stages in vivo (26) .
We then tested the subcellular localization of PLCG1 in HaEpi cells to determine its response to 20E stimulation. The GFP was uniformly distributed in the cytoplasm and nucleus (Fig. 5C, panels a and b) ; in contrast, the overexpressed PLCG1-GFP fusion protein was generally localized in the cytoplasm in the DMSO treatment control (Fig. 5C, panels c and d) . GFP did not change its uniform location in the cells after induction with 20E for 15 min (Fig. 5C , panels e and f). However, the addition of 20E to the cells induced PLCG1-GFP trafficking toward the plasma membrane within 15 min ( Fig. 5C, panels g and h) . To confirm the cell membrane trafficking of PLCG1, the overexpressed PLCG1-GFP was observed by confocal laser scanning microscopy (Fig. 5D, panel a) . In addition, Alexa Fluor 594conjugated wheat germ agglutinin (WGA, red) was used as an indicator of the cell membrane ( Fig. 5D, panel b ). PLCG1-GFP did not traffic toward the cell membrane in response to DMSO treatment for 15 min (Fig. 5D , panels c and d); however, PLCG1-GFP trafficked toward the cell membrane and was superimposed on WGA after 15 min of 20E treatment (Fig. 5D , panels g and h). These results suggest that PLCG1 responds to 20E stimulation by moving toward the plasma membrane.
Tyrosine Phosphorylation of PLCG1 Determines Its Membrane Migration and the 20E-induced Increase in the Cytosolic Ca 2ϩ Levels-We then sought to elucidate the mechanism through which PLCG1 responds to 20E and traffics toward the membrane. Because 14 tyrosine phosphorylation sites were predicted to be found in PLCG1, as determined by NetphosK Death suggests that the larvae died before pupation. E and F, qRT-PCR analysis of the efficacy of PLCG1 knockdown and its effect on the expression of 20E-inducible genes in larvae (4 days after injection of PLCG1 dsRNA, the larvae were injected with 500 ng of 20E for a 12-h induction) and in HaEpi cells (24 h after transfection of dsPLCG1, the cells were incubated with 1 M 20E for 12 h). GFP dsRNA was used as a control. The primers of the genes are described in Table 1 . The significant differences, as determined through Student's t test based on three biologically independent repeats, are indicated: *, p Ͻ 0.05. MAY 9, 2014 • VOLUME 289 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13031 2.0 ( Fig. 1) , we detected the tyrosine phosphorylation of PLCG1 through the overexpression of PLCG1-His and an SH2 twodomain deletion mutation, namely PLCG1⌬SH2-His, in HaEpi cells and using an anti-phosphotyrosine mouse monoclonal antibody (Tyr(P)-102). The Western blot analysis showed that PLCG1-His and PLCG1⌬SH2-His were successfully overexpressed, as determined through anti-His antibody detection. The tyrosine phosphorylation of PLCG1-His was detected in the cells treated with 20E for 15 min but not in the DMSO control. The GPCR inhibitor suramin (27, 28) suppressed the 20E-induced tyrosine phosphorylation of PLCG1-His (Fig. 6A,  panel a) . DopEcR, ErGPCR, and G␣ q were knocked down by RNAi to verify the involvement of GPCR signaling in the regulation of PLCG1 phosphorylation. The depletion of DopEcR had no effect on PLCG1 phosphorylation, whereas silencing of ErGPCR and G␣ q decreased the tyrosine phosphorylation of PLCG1 (Fig. 6A, panels b and c) . To investigate the tyrosine kinase regulating PLCG1 phosphorylation, RTK inhibitor SU6668 (29) and Src inhibitor PP2 (30) were used. The results showed that SU6668 did not suppress PLCG1 phosphorylation, but PP2 restrained the tyrosine phosphorylation of PLCG1 (Fig.  6A, panel b) . Thus, it is likely to be that ErGPCR activates Src family kinases to phosphorylate PLCG1. After the deletion of the two SH2 domains in PLCG1⌬SH2-His, tyrosine phosphorylation was not detected, even after 20E induction (Fig. 6A,  panel a) , suggesting that the tyrosine phosphorylation of PLCG1 involves the SH2 domains. In addition, PLCG1⌬SH2-GFP was unable to move toward the plasma membrane after a 20E induction (Fig. 6B ). Therefore, with the involvement of ErGPCR, G␣ q , and Src family kinases, 20E-regulated tyrosine phosphorylation of PLCG1 determined the migration of PLCG1 toward the cell membrane.
PLCG1 Regulates USP1 Phosphorylation
To study the function of PLCG1 in the 20E pathway, we examined the involvement of PLCG1 in the 20E-triggered calcium flux in HaEpi cells. The DMSO control had no effect on the intracellular calcium signal. The first peak of the intracellular calcium signal appeared 1 min after 20E induction without Ca 2ϩ in the cell culture medium, suggesting the release of Ca 2ϩ from the intracellular calcium stock. The addition of 1 mM CaCl 2 to the cell culture medium resulted in a second peak in the Ca 2ϩ signal, suggesting an influx of extracellular Ca 2ϩ from the medium to the cells. The GPCR inhibitor suramin (27, 28) and the PLC inhibitor U73122 (31) repressed both intracellular calcium release and extracellular Ca 2ϩ influx (Fig. 6C ). The IP 3 receptor (IP 3 R) inhibitor xestospongin C (XeC) (32) also repressed both calcium peaks. However, two calcium channel inhibitors, namely the transient receptor potential calcium 3 (TRPC3) channel inhibitor pyrazole compound (Pyr3) (33) and the T-type voltage-gated calcium channel inhibitor flunarizine dihydrochloride (FL) (34), only suppressed the second peak corresponding to extracellular Ca 2ϩ influx but did not repress the first peak corresponding to intracellular calcium release (Fig. 6D) . The 20E-induced Ca 2ϩ mobilization data largely confirm similar findings reported in our recent paper (15) . In addition, we further verified that the IP 3 receptor regulated intracellular calcium release. Taken together, these findings suggest that 20E triggers both intracellular calcium release and extracellular Ca 2ϩ influx.
After depletion of PLCG1 through transfection of dsPLCG1, 20E was unable to induce neither intracellular calcium release nor extracellular Ca 2ϩ influx compared with the dsGFP control ( Fig. 6E) . Inversely, the overexpression of PLCG1-GFP promoted the more rapid appearance of the calcium peaks. However, the overexpression of PLCG1⌬SH2-His did not promote the earlier appearance of the calcium peaks (Fig. 6F) . These results indicate that PLCG1 participates in the 20E-triggered intracellular calcium release and extracellular Ca 2ϩ influx and that the tyrosine phosphorylation of PLCG1 at SH2 domains is essential for this function.
PLCG1 Promotes 20E-induced Transcriptional Activity via Calcium Signaling-To address the output of 20E-induced Ca 2ϩ influx, we constructed a pIEx-HR3pro-RFP plasmid by replacing the original hr5 enhancer and IE promoter in the pIEx-4 plasmid with the H. armigera HR3 promoter containing the EcRB1-USP1-binding element EcRE (20E response element) (14, 25) . The Western blot assay showed that 20E acti- vates the HR3 promoter to drive RFP expression in a concentration-and time-dependent manner (Fig. 7A) . The RNAi transfection of dsPLCG1 decreased the 20E-activated RFP expression compared with the 20E-or dsGFP-treated cells (Fig.  7B, panels a and c) . In contrast, the overexpression of PLCG1-His promoted 20E-activated RFP expression, and the overexpression of PLCG1⌬SH2-His did not result in the up-regulation of this transcriptional activation compared with the 20E-treated cells (Fig. 7B, panels b and d) . These data suggest that PLCG1 regulates 20E-induced transcription and that the tyrosine phosphorylation of the SH2 domains of PLCG1 is necessary for PLCG1 activity.
Given the regulation of PLCG1 by GPCRs and its role in calcium increase, some inhibitors were used to determine whether PLCG1-regulated transcriptional activation driven by EcRE relies on GPCR, calcium, and PKC signaling. The heat shock protein 90 inhibitor 17-allylamino-17-demethoxygeldanamycin (35) repressed the 20E-induced RFP expression compared with the control induced with 20E. Similarly, the GPCR inhibitor suramin and the PLC inhibitor U73122 suppressed RFP expression compared with 20E induction (Fig.  7C) . Moreover, calcium signal inhibitors (including the IP 3 R inhibitor XeC, the T-type voltage-gated calcium channel inhibitor FL, and the TRPC3 channel inhibitor Pyr3) and a PKC inhibitor (chelerythrine chloride, CC) (36) restrained the 20E-activated RFP expression compared with the 20Etreated control (Fig. 7D) . The depletions of ErGPCR and G␣ q also inhibited RFP expression ( Fig. 7E) , indicating that ErGPCR and G␣ q might be the upstream signaling of PLCG1 and calcium signals.
To verify the roles of DAG and calcium in PKC activation, the DAG analog PMA (37) and calcium ionophore ionomycin (38) were used to mimic the 20E-induced increase of DAG and calcium. The combination of PMA and ionomycin significantly induced expression of RFP compared with the individual use of the two chemicals (Fig. 7F) . Therefore, through DAG and calcium, 20E activates PKC.
PLCG1 Regulates PKC Phosphorylation of USP1 via Calcium Signaling-Because 20E regulates Drosophila USP PKC phosphorylation for gene transcription in the 20E pathway (18),we investigated whether PLCG1 and its triggered calcium signaling regulate USP1 PKC phosphorylation. USP1 tagged with His 6 was expressed in HaEpi cells (USP1-His). Compared with the negative control (DMSO), treatment with 0.1 M 20E for 15 min induced USP phosphorylation, which appeared as an upper band, and 20E induced USP phosphorylation in a time-and concentration-dependent manner (Fig. 8A) . Treatment with protein phosphatase and the PKC inhibitor CC confirmed that the upper band was the result of PKC-mediated phosphorylation (Fig. 8B) . Further results showed that GPCR, PLC, IP 3 R, and calcium channel inhibitors restrained the 20E-induced USP1 phosphorylation (Fig. 8C, panel a) . Moreover, PLCG1 knockdown repressed the phosphorylation of USP1, whereas the overexpression of PLCG1-His promoted USP1 phosphorylation. However, the PLCG1⌬SH2-His mutant, which does not contain the two SH2 domains, did not promote USP1 phosphorylation (Fig. 8C, panel b) . In addition, the depletions of ErGPCR and G␣ q by dsRNAs transfection suppressed USP1 phosphorylation; however, DopEcR knockdown had no effect on this phosphorylation (Fig. 8D) . Compared with the addition of PMA or ionomycin individually, the combination of these two chemicals more significantly mimicked the 20E signal for USP1 phosphorylation (Fig. 8E) . Therefore, 20E regulates PKC phosphorylation of USP1 via ErGPCR, G␣ q , PLCG1, and calcium signaling pathways.
20E-mediated PKC Phosphorylation of USP1 at Ser-21 Is Necessary for Its Binding to EcRE-To identify the site of 20E-induced PKC phosphorylation of USP1, we compared the possible PKC phosphorylation site in USP1 through sequence alignment with the protein sequences in different insect orders. H. armigera USP1 does not have the PKC phosphorylation site Ser-35 identified in Drosophila (18) but does have a Ser at position 21, which is conserved in various orders (Fig. 9 ). The prediction of phosphorylation sites using NetphosK 2.0 indicated that this Ser-21 site has a high PKC phosphorylation score in different insect orders (Table 2) . Therefore, USP1S21A-His, which has a point mutation by replacing Ser-21 with Ala, was overexpressed in HaEpi cells. 20E induced wild-type USP1-His phosphorylation at concentrations ranging from 0.1 to 2 M; however, 20E could not induce the phosphorylation of USP1S21A-His at any of the tested concentrations (Fig. 10A,  panel a) . Phosphorylation level analysis experiments conformed to this result (Fig. 10A, panel b) . USP1-His overexpression enhanced the 20E-induced RFP expression through the activation of EcRE in the pIEx-HR3pro-RFP plasmid, whereas USP1S21A-His did not promote the RFP up-regulation induced by 20E (Fig. 10B) . These results confirm that 20E induces PKC phosphorylation of USP1 at Ser-21, which is critical to its function in the activation of EcRE.
To verify the function of PKC-phosphorylated USP1 in the activation of EcRE, the EcRE binding ability of USP1 was assayed through an EMSA using HaEpi cells overexpressing wild-type USP1-His and mutant USP1S21A-His after being purified using a His-Bind resin in a tube. 20E induced a shift band in the incubation of USP1-His with the Dig-labeled EcRE probe compared with the DMSO control, and this shift band disappeared in response to competition with the unlabeled EcRE probe. In contrast, 20E could not induce a shift band through the incubation of USP1S21A-His with the Dig-labeled EcRE probe (Fig. 10C) . These results suggest that PKCphosphorylated USP1 binds to EcRE for subsequent gene transcription. Given that 20E could induce the rapid phosphorylation of CDK10 to regulate gene expression via the GPCR-PLC-Ca 2ϩ signal pathway (14) , we detected whether this ErGPCR-PLCG1-Ca 2ϩ pathway could mediate CDK10 phosphorylation and the relationship between CDK10 and USP1 phosphorylation. RNAi results showed that the depletions of ErGPCR and G␣ q repressed CDK10 phosphorylation, but DopEcR knock-down did not inhibit the phosphorylation. In the meantime, PKC inhibitor CC restrained the phosphorylation of CDK10 (Fig. 10D ). However, silencing of CDK10 had no effect on USP1 phosphorylation (Fig. 10E) . Therefore, through the ErGPCR-, G␣ q -, PLCG1-, Ca 2ϩ -, and PKC-regulated pathways, 20E mediates the independent phosphorylation of CDK10 and USP1. 
DISCUSSION
It is known that 20E regulates gene expression by forming an EcR-USP heterodimeric transcription complex in the genomic pathway (26) . Through PKC, 20E regulates USP phosphorylation to mediate gene expression in the 20E signaling pathway in Drosophila (18) . PKC activation relies on calcium signaling through the cell membrane (3), and 20E can transmit signals through GPCRs in the cell membrane to induce calcium influx (11, 39) . However, the connection between the nuclear receptor-regulated genomic pathway and the membrane-mediated nongenomic pathway in 20E signaling is not clear. This study demonstrates that 20E regulates PLCG1 tyrosine phosphorylation through ErGPCR, G␣ q , and Src family kinases, which results in the triggering of calcium influx and that PKC medi-ates USP1 phosphorylation to promote 20E-inducible gene expression to modulate insect metamorphosis.
PLCG1 Responds to 20E Induction by Increasing Transcription and Migrating toward the Cell Membrane-In human T cells, steroid hormone vitamin D induces the expression of PLCG1
to positively regulate T cell antigen receptor signaling and the activation of human T cells (40) . We found that PLCG1 exhibits high expression levels during molting and metamorphosis and is up-regulated by steroid hormone 20E. These studies suggest a common phenomenon that the PLCG1 expression level is up-regulated by steroid hormones.
In chick skeletal muscle cells, steroid hormone 1␣,25(OH) 2vitamin D 3 induces the tyrosine phosphorylation and membrane translocation of PLCG through the tyrosine kinase c-Src, to test the 20E-induced RFP expression driven by EcRE. C, EMSA was performed to test the binding ability of USP1-His and USP1S21A-His to EcRE. USP1-His and USP1S21A-His were overexpressed in HaEpi cells, and these cells were incubated with 1 M 20E for 1 h. The protein was purified using a His-Bind resin in a tube and incubated with Dig-labeled EcRE. A 50-fold excess of the amount of unlabeled EcRE was used for the competition binding experiment. The protein-overexpressing cells received equivalent DMSO as a control. D, Western blot showing the CDK10 phosphorylation variation after the knockdown of DopEcR, ErGPCR, and G␣ q by dsRNAs transfection. The cells transfected with dsRNAs for 48 h were induced by 1 M 20E for additional 1 h. Western blot was performed by using H. armigera CDK10 antibody. The PKC inhibitor CC (5 M) was used to treat the cells before induction with 20E to detect the PKC-mediated CDK10 phosphorylation. Bar graphs indicate the mean ratios of the abundance of phosphorylated CDK10 (CDK10-P) to that of nonphosphorylated CDK10 quantified by Quantity One (Bio-Rad). E, silencing of CDK10 had no effect on the 20E-induced USP1 phosphorylation. The cells expressing USP1-His were transfected with dsCDK10 for 24 h and were then induced by 1 M 20E for an additional 1 h. The asterisk indicates the significant difference (*, p Ͻ 0.05) statistically analyzed by Student's t test based on three independent replicate experiments. and this effect is dependent on the SH2 domain (41) . The data associated with the mechanism underlying PLCG1 phosphorylation indicate that the two SH2 domains in PLCG1 are essential (4) . Studies of the T cell antigen receptor signaling pathway have shown that the T cell antigen receptor regulates PLCG1 phosphorylation by promoting the association of the PLCG1 SH2 domains with a tyrosine kinase (42) . We found that 20E induces the rapid migration of PLCG1 toward the cell membrane through the rapid regulation of the tyrosine phosphorylation of the SH2 domains in the protein. Deletion of the SH2 domains results in the loss of tyrosine phosphorylation, inhibits the 20E-induced PLCG1 migration toward the cell membrane, and decreases its function in the triggering of calcium influx and transcriptional activation. By disrupting receptor-G protein coupling and inhibiting guanine nucleotide release (27) , suramin blocks different types of GPCRs, including bovine rhodopsin (43) , adrenergic receptor (44), ␦-opioid receptors (45), A1-adenosine, and D2 dopamine receptors (28, 46) . In this study, we found that suramin suppressed the 20E-induced calcium increase, PLCG1 tyrosine phosphorylation, RFP expression driven by EcRE, and USP1 phosphorylation. Moreover, the depletions of ErGPCR and G␣ q also restrain these 20E-regulated nongenomic and genomic pathways. Taken together, we believe that GPCR, particularly ErGPCR, participates in 20E signaling.
ErGPCR takes part in 20E signaling on the plasma membrane, but it does not bind to 20E under our experimental conditions (15) . This study presents further evidence that ErGPCR is the upstream molecule of PLCG1 in 20E signaling. However, the depletion of H. armigera DopEcR does not suppress PLCG1 phosphorylation, although 20E binds to DopEcR to regulate nongenomic action in Drosophila (11) . The reason might be the difference of the insect species or the involvement of various GPCRs in 20E signaling.
Studies show that GPCR regulates PLCG1 by activating Src or RTK, and the tyrosine kinase has a more direct effect on PLCG1 (5, 6) . We found that the RTK inhibitor SU6668 cannot restrain the tyrosine phosphorylation of PLCG1, whereas Src inhibitor PP2 suppressed the phosphorylation. Therefore, the insect steroid hormone 20E induces the PLCG1 tyrosine phosphorylation at SH2 domains through ErGPCR and Src family kinases to direct PLCG1 migrating toward membrane.
PLCG1 Participates in 20E-induced Ca 2ϩ Influx-In response to steroid binding to a GPCR, the cytosolic Ca 2ϩ levels are up-regulated through the release of Ca 2ϩ from the endoplasmic reticulum through IP 3 R and/or the influx of extracellular Ca 2ϩ through calcium channels in mammals (47) . Tyrosine-phosphorylated PLCG1 hydrolyzes phosphatidylinositol 4,5-bisphosphate to produce IP 3 and DAG (48) , and an intracellular calcium signal is then induced by the binding of IP 3 to IP 3 R in the endoplasmic reticulum (49) and/or the opening of plasma membrane calcium channels (50) . The 20E-induced calcium influx has been described in mammal skeletal muscle cells (39) and prothoracic glands of Bombyx mori (51) . In the silkworm anterior silk glands, the T-type Ca 2ϩ channel inhibitor restrains 20E-induced programmed cell death (13) . These data suggest that 20E may regulate calcium signaling through GPCR, IP 3 R, and calcium channels.
Our results show that inhibitors of GPCR, PLC, IP 3 R, and calcium channels decrease the calcium influx, indicating the possible involvement of GPCR-, PLC-, IP 3 R-, and calcium channel-related pathways in the 20E-induced calcium influx. In fact, ErGPCR participates in the regulation of calcium signal (15) , and G␣ q may also take part in the process (data not FIGURE 11 . Schematic representation of how PLCG1 regulates USP1 phosphorylation to mediate 20E-induced gene expression for metamorphosis. Through ErGPCR and G␣ q , 20E promotes Src family kinases to up-regulate the tyrosine phosphorylation of PLCG1 and induces the migration of phosphorylated PLCG1 toward the cell membrane to produce IP 3 and DAG. Then cytosolic calcium signals a fast increase, including the release of the intracellular Ca 2ϩ and the influx of the extracellular Ca 2ϩ via calcium channels (T-type calcium channels and/or TRP channels). The increased Ca 2ϩ and DAG activate PKC to regulate the phosphorylation of USP1 and CDK10 for gene transcription and insect metamorphosis. This chart is based on the models reported by our laboratory, including the ErGPCR-regulated nongenomic action (15) , the interaction between Hsc70 and USP1 (57) , and the participation of CDK10-Hsp90-Hsc70-EcRB1 in the 20E transcriptional complex (14) .
shown). In this work, we found PLCG1 is critical for the 20Einduced Ca 2ϩ release from the endoplasmic reticulum and influx from the cell environment. Interestingly, both the calcium channel inhibitors FL and Pyr3 block the 20E-induced Ca 2ϩ influx, which implies the involvement of T-type channels and TRP channels in the 20E-induced Ca 2ϩ influx. This is not a special case, because TRP channel family members share functional roles with the T-type Ca 2ϩ channel and also that both are expressed in cancer and hypertension (52, 53) . Given that SKF96365, a blocker of TRP channels, also inhibits the T-type channel (54), we do not exclude that the results that both Pyr3 and FL block the 20E-induced influx are due to the nonspecific inhibitors. The IP 3 R inhibitor XeC represses intracellular Ca 2ϩ release and extracellular Ca 2ϩ influx, suggesting that the 20Einduced extracellular Ca 2ϩ influx relies on the stored Ca 2ϩ in the cells. These data reveal the axis of 20E-induced Ca 2ϩ influx via GPCR, PLCG1, IP 3 R, and calcium channels.
PLCG1-regulated Ca 2ϩ Influx Modulates USP1 PKC Phosphorylation at Ser-21 for Gene Transcription-In insects, 20E is able to induce USP phosphorylation for 20E-induced gene transcription in a PKC-dependent manner (18) , but the mechanism is unclear. Ca 2ϩ and DAG activate PKC by binding to the PKC C1 and C2 domains (49) , and the downstream signals, including transcription, immune responses, and cell growth, are then modulated (55) . In addition, calcium and PKC activation also act as parallel signaling cascades downstream of PLCG (38) . We found that applying the DAG analog PMA or the calcium ionophore ionomycin alone is unable to activate 20E-induced RFP expression and USP1 phosphorylation. However, costimulation with both PMA and ionomycin is required for mimicking the USP1 phosphorylation and RFP up-regulation responses to 20E. Thus, it is possible that increased Ca 2ϩ and PKC activation act as linearly in 20E signaling. Moreover, we found that USP1 is phosphorylated at Ser-21 after 20E induction via the ErGPCR-, G␣ q -, Src-, PLCG1-, IP 3 R-, Ca 2ϩ -, and PKC-axis. The inhibition of one of these steps blocks the 20E-induced USP1 PKC phosphorylation. Therefore, PLCG1 links ErGPCR, Ca 2ϩ influx, and USP1 PKC phosphorylation in 20E signaling.
USP and EcR form a heterodimeric transcription complex that binds to EcRE for gene transcription (25) . Drosophila USP and EcR may use similar 20E-responsive EcREs to establish protein-protein contacts, suggesting that the binding of USP to EcRE is necessary for gene transcription (56) . In Drosophila, the PKC-mediated USP phosphorylation at Ser-35 regulates 20Einducible gene expression (18) . We found that H. armigera USP1 is phosphorylated via PKC mediation at Ser-21 and that this phosphorylation is necessary for its transcriptional activation driven by EcRE. The EMSA results suggest that the binding of USP1 to EcRE requires the phosphorylation of USP1 at Ser-21. Our data indicate that the regulation of 20E-induced gene transcription depends on the binding of PKC-phosphorylated USP1 to EcRE.
In a recent study, we reported that 20E induced the rapid phosphorylation of CDK10 through GPCR/PLC/Ca 2ϩ signaling to promote gene expression (14) . In this work we further found that the 20E-regulated CDK10 phosphorylation depends on the ErGPCR-, G␣ q -, Src-, PLCG1-, IP 3 R-, Ca 2ϩ -, and PKCaxis. Although both the phosphorylation of CDK10 and USP1 contribute to the 20E-mediated gene expression, CDK10 does not regulate USP1 phosphorylation. Our results suggest that 20E may regulate gene transcription via a typical nongenomic pathway.
In summary, the data presented in this work indicate that PLCG1 connects 20E signaling in the cell membrane to the gene transcription in the nucleus. We propose a model to outline the function of PLCG1 in the 20E signaling pathway (Fig. 11 ). Through ErGPCR, G␣ q , and Src family kinases, 20E activates PLCG1 by mediating the tyrosine phosphorylation at its SH2 domains. The activated PLCG1 migrates toward the cell membrane to initiate intracellular Ca 2ϩ signaling and calcium channel-controlled Ca 2ϩ influx, which trigger PKC-mediated USP1 phosphorylation to modulate USP1 binding to EcRE for subsequent gene transcription. This work provides evidence that 20E regulates the genomic pathway for gene transcription through a PLCG1-dependent nongenomic pathway.
